Abstract. The study of boundaries between patches allows us to understand the complexity of landscape interactions, especially those involved in the anthropic use of natural resources, which is a common source of environmental problems when harnessing landscape services. The study of the relationships between those two elements makes it possible to identify distinct homogeneous environmental areas in which the same ecological interactions occur. These areas are the mosaics that make up a landscape. This paper presents a GIS-based procedure to identify and quantify the boundaries of land use/cover patches and to record those data in matrices of patches by boundaries. These matrices, by means of a multivariate analysis, allow us to recognize landscape mosaics. This semi-automated procedure contributes to making the concept of landscape mosaics operative and enabling its application to landscape management. To exemplify its possibilities, we tested three alternatives for quantifying boundary measures: presence/absence, frequency and length. They each describe interactions with different details and provide different nuances in interpretations of landscape organization. In the study case, the frequency data provided a more easily understandable interpretation of the mosaic identification and characterization of landscape heterogeneity because these data are less conditioned by the spatial distribution, size or length of rare boundaries. Irrespective of the boundary measure used, a large central mosaic is always identified, highlighting the influence of landscape homogeneity and fragmentation on mosaic identification and the robustness of the tested procedure.
Introduction
Landscape ecology provides a suitable set of concepts and knowledge for studying the ecological functioning of landscape pattern and its relationship with human society (Wiens et al., 2007; Kirchhoff et al., 2013; Bastian et al., 2015) . Landscape pattern is the central topic in landscape ecology, as it is both consequence and cause of ecological functioning (Forman and Godron, 1981; Turner, 1989) on which the supply of environmental services is based (MEA, 2005; TEEB, 2010) . The study of landscape pattern, being directly related to functioning, is therefore crucial in ecosystem services conservation planning and management (Forman, 1990 Landscape pattern is usually studied as spatial distributions of patches and boundaries (Forman and Godron, 1981 ; Urban et al., 1987) . The relationships between the two allow us to understand and interpret the ecological functioning of landscapes (Turner, 1989; Forman, 1990; Cantwell and Forman, 1993; Cadenasso et al., 2003; Roldán et al., 2003; Hersperger, 2006) . Landscape spatial heterogeneity based on the joint spatial pattern of these elements is referred to as landscape mosaics (Forman, 1995; Roldán et al., 2003; Hersperger, 2006) . This is a central issue in ecology and has special scientific relevance because it permits understandings of how patches and boundaries interact with each other to define zones with similar ecological interactions. These zones are the basis of ecological planning and service assessments (Martín de Agar et al., 2016) .
Mosaics are defined as sets of patches with a similar pattern of boundaries (Roldán et al., 2003) . Accordingly, a landscape comprises different mosaics (Roldán et . At present, many landscape studies, especially those with applied objectives, are based on land cover or land use maps. On those maps, it is easy to recognize the boundaries from the edges between patches (Rescia et al., 1997; Metzger and Müller, 1996; Roldán et al., 2003) . However, to identify and map a mosaic as a set of patches with similar boundaries, additional techniques are needed to determine the spatial interactions between the two. It is also necessary to build a matrix of patches by boundaries in order to collect the spatial relationships between both, on which mosaics recognition is based.
The goal of this paper is to develop a Geographical Information System (GIS) procedure for identifying and recording boundaries of individual landscape patches and for building matrices of patches × boundaries. This paper details this GIS procedure coupled to the multivariate analysis needed to identify and map landscape mosaics that synthesize the spatial heterogeneity. A case study in an Atlantic Forest area is used to illustrate the results obtained in each procedure stage. The procedure is based on that of Roldán et al. (2003) It is an innovative application of a remote sensing methodology to tackle a common Brazilian environmental problem: the increase in tropical forest interaction complexity with anthropic uses. This understanding aids, for example, in the conservation, planning and management of natural resources in regions that face complex environmental issues.
Although the procedure described above has already been applied in some studies (Hardt et al., 2013; Bertolo et al., 2015 ; Martín de Agar et al., 2016), this is the first time that the unpublished developed procedure is presented step by step for easy application to other landscapes, thus allowing the landscape mosaic identification technique to be well known by scientists, planners and managers involved in nature conservancy.
Materials and methods

The case study
The methodological procedure was originally developed for a case study in an Atlantic Forest landscape in Serra do Japi, State of São Paulo, Brazil (Appendix A). The mountainous area is covered by a semi-deciduous forest, Red-Yellow Latosols (Oxisols) predominate, and the climate is seasonal, with a hot and rainy season and a dry and cold season (Morelatto, 1992).
Methodological procedure
The procedure developed for identifying and mapping boundaries and mosaics consists of three stages that are described in detail in the next subsections.
Stage 1 -Identifying boundaries
Boundaries were recognized using ArcGIS on a land use/cover map created by photointerpretation of orthophotos from 2005 (scale 1:25,000). The procedure consists of identifying the common edges between adjoining patches. Different pairs of adjacent land use/cover identify the differing boundaries, which are each stored in separate layers. Using the land use/cover layers in a polygon vector format as inputs, the layers of the patch edges are generated by just dilating the polygons of land use/cover ( Fig. 1-I ; Tables 1A-I and B-I).
There are two alternatives depending on whether these layers will be stored in raster or vector format. For the former, the layers of the edges are converted to raster format and are then reclassified as prime numbers ( Fig. 1-II To draw a boundary map in vector format, the boundary layers of all possible pairs of land uses/covers, as obtained in Table 1B -II, are directly overlaid. The denomination of the boundaries is then included, and the data are merged into a single file (Table 1B-III) .
Stage 2 -Drawing up patches × boundaries matrices
In this stage, the types of boundaries for each patch of land use/cover are identified and organized in a matrix using the same procedure for both raster and vector formats. Boundary type is recorded as i) presence-absence, which represents whether a boundary type is or is not present, ii) frequency, which is the number of segments of a boundary type and iii) length, which is the sum of the segment lengths of a boundary type. The proceeding starts by including in each layer the fields in which the boundary presence-absence, frequency or length will be registered ( Table 2-I) . The new file must be superposed with the land use/cover map, and the boundaries can be identified ( Table 2-II) . Attention should be given to deleting any superposition that exceeds a twoby-two combination.
In the next step, the matrix of patches × boundaries is reorganized ( Table 2 -III) to calculate the presence-absence, frequency or length of all the boundaries of each patch ( Table 2-IV) .
Stage 3 -Identifying and mapping mosaics
This stage begins by using the multivariate analysis of the patches × boundaries matrix to identify the landscape mosaics. The matrix is exported to statistical software such as SPSS ( Patches with similar coordinates on the ordination axes have similar boundary pattern and consequently may be regarded as belonging to the same mosaic. To better identify these groups, patches are also clustered according to their coordinates on the ordination axes (Roldán et al., 2003) . Each of the identified clusters corresponds to a mosaic. The mosaic to which each patch corresponds is recorded in a The instructions shown in Tables 1 and 2 refer to ArcGis ® , but the sequence of operations may also be implemented in another GIS using the tools corresponding to each of the operations described in detail.
Example of the methodological procedure
The validity of the method for the three types of boundary measures was tested for a case study in Serra do Japi (São Paulo, Brazil) by comparing the mosaics' complexity results with the local reality aided by the statistical analysis described below. This study case used part of a database developed to describe the utility of landscape mosaics for decision making for Atlantic Forest conservation. Additional details of this analysis can be found in Hardt et al. (2013) .
The land use/cover map (Appendix A) shows the spatial distribution of 3,979 patches corresponding to ten land uses/covers (Appendix B) that have 30,057 boundaries of 37 distinct types. Three matrices of patches × boundaries were calculated using of presence/absence, frequency or length boundary data for each patch. Each matrix was subjected to a Detrended Correspondence Analysis (DCA; Hill, 1981) using PC-Ord ® 4.0 software. The scattergrams of the boundaries and patches according to axes 1-2 and 2-3 of the three DCA are shown in Fig. 2 . The patches were then clustered according to their coordinates on the first three axes of the DCA using a free trial version of XlStat ® . The clustering was performed by applying Ward's method as the amalgamation algorithm and Euclidean distance as the measure of similarity (Fig. 3) .
The group similarity cut-off level in the dendrograms was standardized at 95%. The clusters were characterized according to their boundaries by means of Chi-square analyses for the presence/absence data and Student's t-test for the frequency and length data. Finally, the patch clusters were incorporated into the ArcGis ® database for mapping the mosaics. Thus, three landscape mosaic maps of the Serra do Japi were drawn (Fig. 3) .
The distribution of boundaries and patches in the ordination scattergrams indicates that boundary frequency is the boundary measure that most clearly displays the boundary distribution variability in the sets of patches (Fig. 2c) . For the presence/absence (Fig. 2a) and length (Fig. 2d) data, the distribution of these two elements was strongly conditioned by a single type of boundary (between outcrop -AFL -and forest -BOS -represented by the AFL-BOS code) with a small number of occurrences in the landscape. This makes the scattering of data in the space defined by the first ordination axis more compact (Figs. 2a and d) , with many of the patches having very similar coordinates. This hinders the interpretation of the variability of boundaries and the recognition of groups of patches, on which the identification of the mosaics is based (Roldán et al., 2003, 2006 ). It does not occur when frequencies are studied because the frequencies of this boundary do not greatly limit the dispersion of data (Fig. 2c) .
To corroborate this result, new scattergrams were drawn by removing the patches with higher coordinates on axis 1, that is, those with positions that were highly dependent on the AFL-BOS boundary. A wider distribution of patches and boundaries was obtained for the presence/absence data (Fig. 2b) , but most of them continued to have very close coordinates.
The scattergram of the length matrix (Fig. 2e) shows sets of patches arranged in rows. This indicates that these sets responded to variations in the lengths of one or a few boundaries, which is related to the particular structure of the study area, in which there are large forest patches that are located at high altitudes and are surrounded by small fragments of other anthropic uses (Appendix A). Therefore, the forest patches have more variable perimeter lengths than other land uses/covers. This increases the possibility that forest patches will have boundaries with varied lengths, from very short to very long.
Boundaries that characterize the selected clusters, i.e., the identified mosaics, are also included in the dendrograms obtained from patch clustering (Fig. 3) . Both the presence/absence (Fig. 3a) and length (Fig. 3c ) data produced dendrograms with a cluster that remained undivided from the first division. In these cases, this cluster is characterized by the AFL-BOS boundary. The dendrogram obtained from the frequency data (Fig. 3b) had a better organized set and sub-set structure because no clusters remained undivided from the first division. These results agree with those obtained from the ordination scattergrams because the boundary frequency data provided a more easily understandable interpretation and did not uniquely depend on the spatial distribution or length of just one boundary. A large central mosaic and a more heterogeneous peripheral landscape is identified in all the mosaic maps, irrespective of the boundary measure used (Fig. 3) Hardt et al. (2013) on the landscape spatial structure in the same study area. This indicates that the differences in the results obtained using the three boundary measures depend on the different landscape details highlighted by each measure. In summary, in this example, boundary frequency is the boundary measure that most clearly allows us to identify mosaic-patch sets with a similar boundary pattern (Figs. 2c and 3b) . The frequency distribution of boundaries did not seem to be highly conditioned by the low frequencies of some of them, which were present only in some patches, as seemed to be case for the presence/absence measure. In addition, the sizes of the patches were less important for the frequency measure because that variable had a lower variation rank than the length measure.
Discussion
Building matrices of patches × boundaries has been the constraining factor in landscape mosaic mapping. Methodological procedures like the one described, which is the only one known by the authors, allows these matrices to be easily drawn up, thus contributing to operationalizing the concept of landscape mosaics and making its application in landscape management possible (Hardt et The procedure developed permits input land use/cover maps in both raster and vector formats to be used. It works practically without limitation to large datasets, depending only on the software used and on the available memory and system cache of the user's computer. The implementation of this concept has previously been limited by the difficulty when working with large territories, which probably explains the small number of studies on the complexity of landscape interactions based on mosaics (Cantwell and Forman, 1993 Each boundary measure provides a particular interpretation of landscape organization, and researchers must therefore evaluate the measures that best meet their objectives. In the example, the mosaics identified using boundary presence/absence was not the most revealing of the landscape variability. The qualitative aspect seems to be a large constraint, as the occurrence of a low presence boundary conditioned the results by impeding the easy observation of other patterns.
In our example, when mosaics are characterized by boundary length, the information provided was apparently influenced in both qualitative aspects as related to very low frequency boundaries (Fig. 2d) and patch size (Fig. 2e) . This is the case of large forest patches having boundaries of all lengths. They condition the patch arrangement "in lines" (Fig. 2e) , depending mainly on the differences in the lengths of the boundaries and less on their natures. The large forest patches conditioned the dispersion of the others in the DCA, primarily because of they may have boundaries of different lengths, which condition the identification of mosaics.
Boundary identification is closely related to the degree of landscape fragmentation and connectivity (Metzger and Muller, 1996 (Forman, 1995) . Because of that ability, mosaics identified by frequency boundaries are apparently important in assessing the history of fragmentation pressures, understanding rupture dynamics over time and even indicating probable future scenarios (Hardt et al., 2013) . In our example, the relative similarities among the three mosaic maps (Fig. 3) could have been due to landscape homogeneity (Corbacho et al., 2000) explained by the small fragmentation in the central area and the large fragmentation in the peripheral areas.
Measures of boundaries such as frequency and length respond to spatial pattern in landscape heterogeneity (Metzger and Muller, 1996) and are particularly sensitive to environmental changes . In that sense, mosaic landscape organization models should reflect depth spatial heterogeneity in such a way that they clearly show patterns of ecological interactions and landscape complexity (Lovett et There are other models that describe the influences of spatial pattern on ecological processes and their changes over time, including the well-known patch-corridor-matrix model (Forman, 1995) . However, that model is limited in its ability to detect landscape spatial heterogeneity, which can lead to errors in decision-making for landscape management (Hardt et al., 2013) The described method has many possible practical outputs that could assist decision making in landscape management, for example, comparisons between mosaics built from historical maps, which record landscape changes, highlight driving forces and change vectors. These affect land cover/use and boundaries. New mosaics can appear as the result of changes in boundaries as well as land cover/uses, as reported by Hardt et al. (2013) . For that reason, this analysis permits future scenarios to be proposed for nature conservation that have different degrees of human interference, keeping in mind that in landscapes with less complex spatial interactions and mosaics with simpler boundary structures, management is easier. Mosaics can also be used to identify priority areas for conservation according to the types and complexities of neighborhood spatial relationships, including the definition of appropriate management actions in accordance with them.
Due to their capabilities, mosaics can be used as units of landscape organization (Wiens, 1999; Hersperger, 2006) to identify territories that differ in structure, function, and forest conservation status (Hardt et al., 2013) . In this way, mosaics can be a key tool to identify action zones for environmental planning and management, where planners and decision makers need to analyze the consequences on ecosystem service provision, especially in regions that face complex environmental issues and where natural resources share space with anthropic uses.
Conclusions
The methodological procedure contributes to making the concept of landscape mosaics more operative and applicable for environmental planners.
The procedure works with any size area, with large data sets and in automated processes. However, the usefulness of the different boundary measures should be assessed in accordance with landscape characteristics and study purpose. The case study highlights the influence of landscape homogeneity and fragmentation on the similarities among mosaics that are obtained by different boundary attributes. It also differentiated boundary frequency as the attribute that can be used to more easily identify and interpret mosaics due to its capacity to interpret the dynamics of landscape rupture patterns.
